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We report comprehensive pair distribution function measurements of the hole-doped iron-based
superconductor system Sr1−xNaxFe2As2. Structural refinements performed as a function of temper-
ature and length scale reveal orthorhombic distortions of the instantaneous local structure across a
large region of the phase diagram possessing average tetragonal symmetry, indicative of fluctuating
nematicity. These nematic fluctuations are present up to high doping levels (x & 0.48, near optimal
superconductivity) and high temperatures (above room temperature for x = 0, decreasing to 150 K
for x = 0.48), with a typical length scale of 1–3 nm. This work highlights the ubiquity of nematic
fluctuations in a representative iron-based superconductor and provides important details about the
evolution of these fluctuations across the phase diagram.
A defining characteristic of the layered iron-based su-
perconductors (FeSCs) is the presence of an electronic
nematic phase in proximity to superconductivity [1–3].
In analogy to nematic phases in liquid crystals, ne-
matic order in FeSCs lowers the C4 rotational symme-
try present in the system at high temperature to C2
at low temperature. This symmetry breaking mani-
fests itself through anisotropic electronic properties [4–
6], a tetragonal-to-orthorhombic structural phase transi-
tion [7], the formation of stripe-type magnetic order [8],
and a splitting of d orbitals in the electronic band struc-
ture [9]. The nematic order present in the parent com-
pounds of most FeSCs can be suppressed by chemical
substitution and/or pressure, with the highest supercon-
ducting Tc typically appearing near the point of com-
plete suppression of the nematic phase. Consequently,
nematicity is believed to be intimately related to the still
elusive superconducting mechanism in FeSCs [1, 10–16].
Research efforts into nematicity have recently ex-
panded their focus to include not only the nematic phase
itself, but also nematic fluctuations present outside the
region of static nematicity. The hope is that such fluc-
tuations may reveal important details about the origin
of nematicity and ultimately superconductivity. Signa-
tures of high-temperature nematicity above the static
nematic phase have in fact been observed in numerous
iron pnictide and chalcogenide systems with a variety
of experimental probes [17–28], indicating that an ef-
fort to characterize these nematic fluctuations systemat-
ically within and between phase diagrams of representa-
tive FeSCs holds great promise.
According to current understanding [6], nematic order
drives the orthorhombic phase transition; hence, nematic
fluctuations will likewise cause fluctuating orthorhombic
distortions of the lattice. For simplicity, we shall use the
terms “nematic fluctuations” and “orthorhombic fluctu-
ations” interchangeably. The pair distribution function
(PDF) method of analyzing x-ray and neutron scattering
data [29] has recently been shown to be an effective probe
of nematic fluctuations in the Sr1−xNaxFe2As2 system,
a representative hole-doped FeSC family [30]. This tech-
nique involves Fourier transforming the total scattering
data into real space to obtain the pairwise atomic cor-
relations. Because both Bragg and diffuse scattering are
included in the Fourier transform, the PDF pattern is
sensitive to the local atomic structure, even if it differs
from the average crystallographic structure. As such, the
PDF technique is an ideal probe of short-range structural
distortions such as those associated with nematic fluctu-
ations. The PDF analysis in Ref. 30 revealed short-range
orthorhombic distortions on a length scale of ∼2 nm well
into the high-temperature tetragonal phase for two un-
derdoped samples and in the magnetic C4 phase that
appears in this and similar hole-doped iron pnictides [31–
34]. The ability to investigate the length scale of these
nematic fluctuations makes the PDF approach particu-
larly valuable.
Here, we extend the previous PDF work to a much
larger region of the Sr1−xNaxFe2As2 phase diagram.
We studied several compositions ranging from the par-
ent compound with x = 0 to a nearly optimally doped
compound with x = 0.48, for which the long-range or-
thorhombic structural transition is completely absent.
The main result is our observation of local orthorhom-
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2FIG. 1. Phase diagram and structure of Sr1−xNaxFe2As2.
(a) Temperature versus composition phase diagram of
Sr1−xNaxFe2As2, showing the paramagnetic tetragonal
(P/T), antiferromagnetic orthorhombic (AF/O), antiferro-
magnetic tetragonal (AF/T), and superconducting (SC)
phases, along with a large region of nematic fluctuations
shaded in yellow. Solid lines denote true phase transi-
tions, the dashed line above the yellow region represents
an estimated onset temperature of nematic fluctuations,
and the dotted line that closes the yellow region is an at-
tempt at a reasonable extrapolation beyond the region of
the phase diagram for which we have data. (b) Crystal
structure of Sr1−xNaxFe2As2 in the orthorhombic setting.
Gold, green, and purple spheres represent iron, arsenic, and
strontium/sodium atoms, respectively. The arrows show the
stripe-type magnetic order.
bic distortions with a typical length scale of 1-3 nm in
all measured compounds up to remarkably high temper-
atures, with a maximum of approximately 500 K for
x = 0 and a gradual decline to ∼150 K for x = 0.48.
The magnitude and length scale of the local orthorhom-
bicity likewise decrease monotonically with x. Taken
together, these measurements map out in great detail a
large region of fluctuating, short-range nematicity in the
Sr1−xNaxFe2As2 phase diagram [see Fig. 1(a)], with sig-
nificant nematic fluctuations remaining even near the op-
timally doped region. These results further establish the
widespread presence of significant nematic fluctuations
in FeSCs and provide important new information about
their length and temperature scales in Sr1−xNaxFe2As2.
We studied powder specimens of Sr1−xNaxFe2As2
with x = 0, 0.12, 0.27, 0.29, 0.34, 0.45, and 0.48. As seen
in the phase diagram, the samples with x ≤ 0.29 undergo
a tetragonal-to-orthorhombic structural phase transition
at Ts and remain orthorhombic for all lower tempera-
tures, whereas the x = 0.34 sample exhibits reentrant
tetragonal symmetry below Tr < Ts. The sample with
x = 0.45 lies beyond the C4 dome and undergoes a single
orthorhombic transition at Ts, and the x = 0.48 sam-
ple retains average tetragonal symmetry at all tempera-
tures and exhibits no magnetic order. All structural and
magnetic transitions are first order. A superconduct-
ing ground state exists for compositions with x & 0.2.
Detailed characterization of these samples can be found
in Ref. 33. For reference, Fig. 1(b) displays the crys-
tal structure in the orthorhombic setting and the corre-
sponding stripe-type magnetic order. The orthorhombic
distortion causes a to become larger than b.
The samples with x = 0, 0.29, 0.34, 0.45, and 0.48
were measured on the NOMAD beamline [35] at the
Spallation Neutron Source (SNS) of Oak Ridge National
Laboratory (ORNL). PDF data were generated from the
total scattering data with Qmax = 36 A˚
−1 using the AD-
DIE software suite [36]. Additional samples with x = 0,
0.12, and 0.27 were measured on the XPD beamline of
the National Synchrotron Light Source II (NSLS-II) at
Brookhaven National Laboratory (BNL). The data were
reduced using the xPDFsuite software [37] with Qmax
= 25 A˚−1. On both beamlines, data were collected on
dense temperature grids between ∼5 K and 300 K, with
typical temperature steps of 10-15 K on NOMAD and
6 K on XPD. Structural refinements were performed
using the PDFgui program [38] and the Diffpy-CMI
suite [39]. We note that neither beamline employs energy
analysis of the scattered particles. As such, the PDF pat-
terns contain meaningful information from inelastically
scattered particles within some effective energy window,
which is estimated to be tens of meV on NOMAD and
effectively infinite on XPD. The neutron data collected
on NOMAD therefore probe structural correlations on
time scales of approximately 10−13 s or longer, and the
x-ray data represent the true instantaneous structure.
In the present work, there seems to be little discernible
difference between the two.
We first present our analysis of the neutron PDF data.
To determine the atomic structure as a function of both
length scale and temperature, we performed an extensive
series of fits for each composition measured. For a given
temperature, we refined the Fmmm orthorhombic struc-
tural model against a sliding 20-A˚ data window ranging
from [1.5 A˚ - 21.5 A˚] to [30.5 A˚ - 50.5 A˚] in 1-A˚ steps,
resulting in 30 fits per temperature. The results of each
refinement represent the best-fit atomic structure on the
length scale set by the data window. This was then re-
peated for each temperature at which PDF data were
3FIG. 2. Refined orthorhombicity δ extracted from fits to
neutron PDF data. (a) Results for a long fitting range of
30.5 - 50.5 A˚, showing the expected behavior for the average
structure determined from Rietveld refinements. (b) Results
compiled from shorter-range fits (1.5 - 21.5 A˚, 2.5 - 22.5 A˚,
3.5 - 23.5 A˚) showing enhanced orthorhombicity up to signif-
icantly higher temperatures than observed in the long-range
structure.
collected. Additional details about the refinements are
included in the Supplementary Information [40].
The output of this fitting procedure is a comprehen-
sive set of structural parameters as a function of length
scale, temperature, and chemical composition, provid-
ing a rich and detailed view of the local structure across
the Sr1−xNaxFe2As2 phase diagram. The structural pa-
rameter most relevant to nematic fluctuations is the or-
thorhombicity, δ = (a − b)/(a + b). In Fig. 2(a), we
display the refined orthorhombicity as a function of tem-
perature for fits conducted over a long fitting range of
30.5 - 50.5 A˚. All samples show an abrupt development
of nonzero orthorhombicity at the expected structural
phase transition temperature, except for the sample with
x = 0.48 which lies beyond the C2 region and does not
transition to an average orthorhombic structure at any
temperature. The refined values of the orthorhombic-
ity agree quantitatively with the average crystallographic
structure determined from traditional Rietveld analysis
in Ref. 33, indicating that the PDF data on a length
scale of 30.5 - 50.5 A˚ show no detectable difference from
the average structure.
The refinements conducted over shorter fitting ranges
yield strikingly different results. Fig. 2(b) displays the
orthorhombicity averaged over the three shortest fitting
ranges. Compared to the long-range structure, the or-
thorhombicity of each sample is enhanced at low tem-
perature and persists to much higher temperatures far
in excess of the transition temperature. Particularly no-
table is the x = 0.48 sample, which shows significant
orthorhombicity up to ∼150 K, even though the average
crystallographic structure remains tetragonal at all tem-
peratures. These results demonstrate that the instan-
taneous local structure of Sr1−xNaxFe2As2 remains or-
thorhombically distorted well into the high-temperature
paramagnetic tetragonal phase, even for superconduct-
ing samples wholly outside the doping region undergoing
a long-range C2 transition.
As discussed in Ref. 30, we expect these short-range
orthorhombic distortions to be fluctuating dynamically
on a time scale between 10−13 and 10−7 s; hence, we re-
fer to them as nematic fluctuations. The upper bound of
this time window is based on the absence of any observed
symmetry breaking outside the C2 phase in nuclear mag-
netic resonance measurements of Sr1−xNaxFe2As2 [32],
while the lower bound comes from the estimated effec-
tive energy window of 10 meV for the neutron PDF mea-
surements. For the samples with x = 0, 0.12, and 0.27
measured with x rays, the time scale is truly instanta-
neous. The dynamic and short-ranged nature of these
nematic fluctuations renders them undetectable by tech-
niques lacking sensitivity to nanometer-scale structure
on a time scale of 10−13 to 10−7 s.
To determine how the local structure evolves into the
average stucture, we present in Fig. 3 false color plots of δ
from our comprehensive T - and r-dependent refinements.
Temperature is displayed on the vertical axes, the mid-
point of each fitting range on the horizontal axes. The
brightness of the plots scales with the orthorhombicity,
as indicated by the color bar. All five plots use a shared
color bar to provide a better indication of the overall evo-
lution of the magnitude of the orthorhombic distortion.
The horizontal white lines demarcate the tetragonal and
orthorhombic phases observed in the average structure.
Focusing initially on the plot for x = 0, we observe a
bright block of intensity for all values of rmid below the
white line marking Ts = 205 K, consistent with a long-
range orthorhombic distortion of the crystal structure.
Above Ts, however, nonzero orthorhombicity exists only
on the low-r side of the plot, gradually decreasing to zero
beyond rmid ≈ 30 A˚ (the dashed white curves are guides
to the eye). This is a clear demonstration of the short-
range nature of the local orthorhombic distortion at high
temperature, indicating a length scale of approximately
3 nm. Fig. 3(b) shows qualitatively similar behavior for
the x = 0.29 sample, albeit with overall lower values
of δ and a somewhat shorter length scale for the local
distortion at high T .
The results for x = 0.34, shown in Fig. 3(c), are no-
table due to the reentrant C4 phase that sets in below
70 K. As a result, the average structure is orthorhom-
4FIG. 3. False color plots of the refined orthorhombicity determined from neutron PDF analysis of samples of Sr1−xNaxFe2As2
with x = 0 (a), 0.29 (b), 0.34 (c), 0.45 (d), and 0.48 (e). The horizontal axis represents the midpoint of the fitting window
(see main text), the vertical axis temperature. White horizontal lines indicate structural phase transitions that occur in the
average structure for each compound. The dashed white curves are guides to the eye that loosely define regions of nonzero
local orthorhombicity inside the paramagnetic tetragonal phase, a manifestation of nematic fluctuations. Linear interpolation
has been used between neighboring T and rmid points.
bic only between ∼100 and 70 K, seen as the narrow
strip of intensity between the two horizontal white lines.
On the high r side of the plot, no intensity exists outside
this temperature region, in accordance with expectations
for the tetragonal average structure. Contrastingly, the
low r region of the plot shows significant intensity at all
temperatures. This demonstrates that the local struc-
ture remains orthorhombically distorted in the entirety
of the magnetic C4 phase and well into the paramagnetic
C4 phase at higher temperature, fully consistent with the
results reported previously [30].
Finally, we consider the color maps for x = 0.45 and
0.48, shown in Fig. 3(d) and (e), respectively. Both
show significant local orthorhombicity on a ∼15 A˚ length
scale in the nominally tetragonal phase, reaching up to
∼250 K for x = 0.45 and 150 K for x = 0.48. The
orthorhombic length scale in both compounds increases
slightly as the temperature is lowered. For x = 0.45,
the orthorhombicity below ∼75 K remains nonzero but
small for long r. No significant orthorhombicity exists
at long r for x = 0.48, as expected since it is known to
remain in the tetragonal phase at all temperatures.
The x-ray PDF data collected for the samples with
x = 0, 0.12, and 0.27 were analyzed similarly. The re-
sults for x = 0 are in good agreement with the neutron
data collected on the same sample, and the results for
x = 0.12 and 0.27 interpolate well between x = 0 and
the higher dopings. We found that the refined values of
the orthorhombicity are systematically slightly lower for
the x-ray data than for the neutron data, which may be
due to differences in the real-space resolution between
the two types of experiment. However, the r- and T -
dependent trends in the x-ray data are robust and fully
consistent with those in the neutron data.
Our PDF analysis establishes the presence of sig-
nificant nematic fluctuations in the high-temperature
tetragonal phase of Sr1−xNaxFe2As2 up to doping lev-
els of at least x = 0.48, close to the region of opti-
mal superconductivity. We can extract overall trends in
these nematic fluctuations across the phase diagram by
considering the doping dependence of the PDF results.
In Fig. 4(a), we show the magnitude of the local or-
thorhombicity in the paramagnetic tetragonal phase for
each composition measured. The values of δ shown were
extracted from the short-range fits to the PDF patterns
collected at temperatures of approximately 1.2 × Ts (for
x = 0.48, we chose the cryostat base temperature of 2 K).
Blue circles originate from neutron data, orange squares
from x-ray data. Ignoring the previously mentioned off-
set of the x-ray results slightly below the neutron re-
sults, the orthorhombicity clearly tends to decrease with
increasing doping level x, consistent with the reduction
of the orthorhombic distortion in the average structure
as x increases. In Fig. 4(b), we display the typical or-
5FIG. 4. Composition-dependent trends in the (a) magnitude,
(b) length scale, and (c) onset temperature at which the lo-
cal orthorhombic distortion in the paramagnetic tetragonal
phase becomes observable in the PDF analysis. A monotonic
decrease in all three quantities is observed with increasing
doping x. Blue circles come from analysis of the neutron PDF
data, orange squares from the x-ray data. The results in (a)
and (b) were obtained from data sets measured at approxi-
mately 1.2 × Ts. The red triangles in (c) mark the long-range
transition temperature from the paramagnetic tetragonal to
the antiferromagnetic orthorhombic phase.
thorhombic length scale at 1.2× Ts for each composition,
determined as the midpoint of the shortest fitting range
for which the orthorhombicity refines to zero within the
parameter uncertainty. A similar decreasing trend is ob-
served. Finally, Fig. 4(c) illustrates the approximate on-
set temperature of the short-range orthorhombic distor-
tion (i.e., the temperature at which it becomes observ-
able in the PDF analysis) as a function of x. The on-
set temperature is remarkably high for all compositions
measured, typically greater than twice the long-range C2
transition temperature. For x = 0.45 and 0.48, the on-
set temperature was determined from the data directly,
since measurements were conducted at sufficiently high
temperatures for δ to refine to zero. However, the other
samples remained locally orthorhombic at the highest
measured temperatures, so we estimated the onset tem-
perature by linearly extrapolating the refined values of
δ to zero. Although this analysis is not particularly pre-
cise [as reflected by the large error bars in Fig. 4(c)],
it suffices for an approximate measure of the relevant
temperature scale for the local orthorhombic structure.
In summary, the PDF analysis reported here reveals
the presence of high-temperature nematic fluctuations
in Sr1−xNaxFe2As2 and clarifies their essential charac-
teristics. These fluctuations exist on a length scale of
1–3 nm, persist up to remarkably high temperatures in
excess of 2Ts, and extend to doping levels well into the
superconducting dome and entirely outside the param-
eter space with a long-range orthorhombic structural
transition. The large area of temperature-composition
parameter space supporting this fluctuating nematicity
is represented by the yellow shaded region in Fig. 1.
We do not expect these results to be strongly affected
by the disorder introduced by Na substitution, since it
occurs in the Sr plane, mitigating the effect on the Fe
plane, and because the structural-magnetic transitions
are first order [41]. The observation of nematic fluc-
tuations up to such high temperatures, while perhaps
initially surprising, is consistent with other experimen-
tal results on iron pnictide systems, such as elastic shear
modulus data showing anomalies still present at room
temperature [13]. Our findings are also reminiscent of
a recent report of local orthorhombicity at high tem-
perature and doping in Na(Fe,Ni)As inferred from neu-
tron diffraction data [42], although the techniques used
in that work probe structural correlations on a longer
time scale than applies to the current PDF data.
The high-temperature nematic fluctuations revealed
here may have a primarily two-dimensional charac-
ter [43], which could help explain the high onset temper-
ature. Diffuse scattering studies of single crystals would
be valuable to investigate this further. Measurements of
the stripe-type magnetic correlation length in the param-
agnetic phase would also provide an important compar-
ison with the local orthorhombic length scale reported
here. The observation of local orthorhombic distortions
persisting to doping levels beyond the C2 dome reported
here is a rare example of direct experimental evidence
that nematic degrees of freedom are still active near op-
timal superconductivity. This is an important factor for
various theoretical proposals suggesting that such fluc-
tuations can induce or enhance superconductivity, such
as in Refs. 12, 44, and 45. Overall, this work highlights
the ubiquity of nematic fluctuations in a canonical hole-
doped FeSC system and invites similar studies in other
representative families. A thorough characterization of
nematic fluctuations across multiple families of FeSCs
promises to yield important insights into the origin of
the nematic phase and its role in iron-based supercon-
ductivity.
Acknowledgements
6We thank Steve Kivelson, Ian Fisher, Amnon
Aharony, and Dung-Hai Lee for valuable conversations
about these results. Work at Lawrence Berkeley Na-
tional Laboratory was funded by the U.S. Department
of Energy, Office of Science, Office of Basic Energy
Sciences, Materials Sciences and Engineering Division
under Contract No. DE-AC02-05-CH11231 within the
Quantum Materials Program (KC2202). Work at the
Materials Science Division at Argonne National Labora-
tory was supported by the US DOE, Office of Science,
Materials Sciences and Engineering Division. Use of the
SNS, ORNL, was sponsored by the Scientific User Facil-
ities Division, BES, US DOE. Use of the National Syn-
chrotron Light Source II at Brookhaven National Labo-
ratory, was supported by DOE-BES under Contract No.
DE-SC0012704.
∗ benfrandsen@byu.edu
[1] R. Fernandes, A. Chubukov, and J. Schmalian, Nat.
Phys. 10, 97 (2014).
[2] H. Hosono and K. Kuroki, Physica C 514, 399 (2015),
superconducting Materials: Conventional, Unconven-
tional and Undetermined.
[3] Q. Si, R. Yu, and E. Abrahams, Nat. Rev. Mats. 1,
16017 (2016).
[4] T. Chuang, M. P. Allan, J. Lee, Y. Xie, N. Ni, S. L.
Budko, G. S. Boebinger, P. C. Canfield, and J. C. Davis,
Science 327, 181 (2010).
[5] J.-H. Chu, J. G. Analytis, K. De Greve, P. L. McMahon,
Z. Islam, Y. Yamamoto, and I. R. Fisher, Science 329,
824 (2010).
[6] J.-H. Chu, H.-H. Kuo, J. G. Analytis, and I. R. Fisher,
Science 337, 710 (2012).
[7] D. Johrendt, H. Hosono, R.-D. Hoffmann, and
R. Po¨ttgen, Z. Kristallogr. 226, 435 (2011).
[8] P. Dai, J. Hu, and E. Dagotto, Nat. Phys. 8, 709 (2012).
[9] M. Yi, Y. Zhang, Z.-X. Shen, and D. Lu, npj Quantum
Mater. 2, 57 (2017).
[10] T. Shibauchi, A. Carrington, and Y. Matsuda, Annu.
Rev. Condens. Matter Phys. 5, 113 (2014).
[11] X. Chen, P. Dai, D. Feng, T. Xiang, and F.-C. Zhang,
Natl. Sci. Rev. 1, 371 (2014).
[12] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivelson,
Phys. Rev. Lett. 114, 097001 (2015).
[13] A. E. Bo¨hmer and C. Meingast, C. R. Phys. 17, 90
(2016).
[14] H.-H. Kuo, J.-H. Chu, J. C. Palmstrom, S. A. Kivelson,
and I. R. Fisher, Science 352, 958 (2016).
[15] K. Matsuura, Y. Mizukami, Y. Arai, Y. Sugimura,
N. Maejima, A. Machida, T. Watanuki, T. Fukuda,
T. Yajima, Z. Hiroi, K. Yip, Y. Chan, Q. Niu, S. Hosoi,
K. Ishida, K. Mukasa, S. Kasahara, J.-G. Cheng, S. Goh,
Y. Matsuda, Y. Uwatoko, and T. Shibauchi, Nat. Com-
mun. 8, 1143 (2017).
[16] R. M. Fernandes and A. V. Chubukov, Rep. Prog. Phys.
80, 014503 (2017).
[17] E. Rosenthal, E. Andrade, C. Arguello, R. Fernandes,
L. Xing, X. Wang, C. Jin, A. Millis, and A. Pasupathy,
Nat. Phys. 10, 225 (2014).
[18] T. Iye, M.-H. Julien, H. Mayaffre, M. Horvati,
C. Berthier, K. Ishida, H. Ikeda, S. Kasahara,
T. Shibauchi, and Y. Matsuda, J. Phys. Soc. Jpn 84,
043705 (2015).
[19] Y. Gallais, I. Paul, L. Chauvie`re, and J. Schmalian,
Phys. Rev. Lett. 116, 017001 (2016).
[20] S. Hosoi, K. Matsuura, K. Ishida, H. Wang,
Y. Mizukami, T. Watashige, S. Kasahara, Y. Matsuda,
and T. Shibauchi, Proc. Natl. Acad. Sci. USA 113, 8139
(2016).
[21] P. Massat, D. Farina, I. Paul, S. Karlsson, P. Strobel,
P. Toulemonde, M.-A. Me´asson, M. Cazayous, A. Sa-
cuto, S. Kasahara, T. Shibauchi, Y. Matsuda, and
Y. Gallais, Proc. Natl. Acad. Sci. USA 113, 9177 (2016).
[22] F. Kretzschmar, T. Bo¨hm, U. Karahasanovic´,
B. Muschler, A. Baum, D. Jost, J. Schmalian,
S. Caprara, M. Grilli, C. Di Castro, J. Analytis, J.-H.
Chu, I. Fisher, and R. Hackl, Nature Phys. 12, 560
(2016).
[23] S. Liu, B. Phillabaum, E. W. Carlson, K. A. Dahmen,
N. S. Vidhyadhiraja, M. M. Qazilbash, and D. N. Basov,
Phys. Rev. Lett. 116, 036401 (2016).
[24] B. Xu, Y. Dai, H. Xiao, B. Shen, Z. Ye, A. Forget,
D. Colson, D. Feng, H. Wen, X. Qiu, and R. Lobo,
Phys. Rev. B 94, 085147 (2016).
[25] C.-W. Luo, P. C. Cheng, S.-H. Wang, J.-C. Chiang, J.-
Y. Lin, K.-H. Wu, J.-Y. Juang, D. A. Chareev, O. S.
Vokova, and A. N. Vasiliev, npj Quantum Mater. 2, 32
(2017).
[26] J. C. Palmstrom, A. T. Hristov, S. A. Kivelson, J.-H.
Chu, and I. R. Fisher, Phys. Rev. B 96, 205133 (2017).
[27] J. Wang, G.-Z. Liu, D. Efremov, and J. Van Den Brink,
Phys. Rev. B 95, 024511 (2017).
[28] S.-H. Baek, D. Bhoi, W. Nam, B. Lee, D. V. Efremov,
B. Bu¨chner, and K. H. Kim, Nat. Commun. 9, 2139
(2018).
[29] T. Egami and S. J. L. Billinge, Underneath the Bragg
peaks: structural analysis of complex materials, 2nd ed.
(Elsevier, Amsterdam, 2012).
[30] B. A. Frandsen, K. M. Taddei, M. Yi, A. Frano,
Z. Guguchia, R. Yu, Q. Si, D. E. Bugaris, R. Stadel,
R. Osborn, S. Rosenkranz, O. Chmaissem, and R. J.
Birgeneau, Phys. Rev. Lett. 119, 187001 (2017).
[31] J. Allred, S. Avci, D. Chung, H. Claus, D. Khalyavin,
P. Manuel, K. Taddei, M. Kanatzidis, S. Rosenkranz,
R. Osborn, and O. Chmaissem, Phys. Rev. B 92, 094515
(2015).
[32] J. Allred, K. Taddei, D. Bugaris, M. Krogstad,
S. Lapidus, D. Chung, H. Claus, M. Kanatzidis,
D. Brown, J. Kang, R. Fernandes, I. Eremin,
S. Rosenkranz, O. Chmaissem, and R. Osborn, Nature
Physics 12, 493 (2016).
[33] K. Taddei, J. Allred, D. Bugaris, S. Lapidus,
M. Krogstad, R. Stadel, H. Claus, D. Chung,
M. Kanatzidis, S. Rosenkranz, R. Osborn, and
O. Chmaissem, Phys. Rev. B 93, 134510 (2016).
[34] M. H. Christensen, P. P. Orth, B. M. Andersen, and
R. M. Fernandes, Phys. Rev. Lett. 121, 057001 (2018).
[35] J. Neuefeind, M. Feygenson, J. Carruth, R. Hoffmann,
and K. K. Chipley, Nucl. Instrum. Meth. B 287, 68
(2012).
[36] M. McDonnell, D. Olds, K. Page, J. Neuefeind,
M. Tucker, J. Bilheux, W. Zhou, and P. Peterson, Acta
Crystallogr. A 73, a377 (2017).
[37] X. Yang, P. Juha´s, C. Farrow, and S. J. L. Billinge,
arXiv (2015), 1402.3163.
7[38] C. L. Farrow, P. Juha´s, J. Liu, D. Bryndin, E. S. Bozˇin,
J. Bloch, T. Proffen, and S. J. L. Billinge, J. Phys:
Condens. Mat. 19, 335219 (2007).
[39] P. Juha´s, C. L. Farrow, X. Yang, K. R. Knox, and
S. J. L. Billinge, Acta Crystallogr. A 71, 562 (2015).
[40] See Supplemental Material at ... for further information
about the refinements and figures showing representative
fits.
[41] Both hole- (e.g. Sr1−xNaxFe2As2) and electron- (e.g.
Ba(Fe1−xCox)2As2) doped Fe-based superconducting
materials typically will have some level of dopant dis-
order, which will increase in importance with increasing
dopant concentration. These dopant compositional fluc-
tuations will act like a random field on the orthorhom-
bic structural order parameter. For the hole-doped sys-
tems, such as that studied here, the primary effect will
be to round the otherwise sharp first order structural-
magnetic phase transition. For typical electron-doped
systems with separated structural and magnetic tran-
sitions, the random fields will have more drastic effects.
Specifically, the random fields will prevent a true diver-
gence of the orthorhombic structural correlation length
due to metastability effects and, concomitantly, cut off
the divergence of the stripe magnetic correlation length
at the structural value [see Fisher, Phys. Rev. Lett. 56,
416 (1986) and Birgeneau et al., Phys. Rev. Lett. 75,
1198 (1995)]. Thus, there can be no true second-order
structural and magnetic transitions in systems such as
Ba(Fe,Co)2As2 due to the dominant role of metastabil-
ity in random field Ising model (RFIM) systems. These
metastability effects could be most important near any
putative quantum critical point and, specifically, could
prevent accessing equilibrium quantum critical behavior
due to the RFIM metastability.
[42] W. Wang, Y. Song, C. Cao, K.-F. Tseng, T. Keller, Y. Li,
L. Harriger, W. Tian, S. Chi, R. Yu, A. H. Nevidomskyy,
and P. Dai, Nat. Commun. 9, 3128 (2018).
[43] S. D. Wilson, Z. Yamani, C. R. Rotundu, B. Freelon,
P. N. Valdivia, E. Bourret-Courchesne, J. W. Lynn,
S. Chi, T. Hong, and R. J. Birgeneau, Phys. Rev. B
82, 144502 (2010).
[44] A. V. Chubukov, M. Khodas, and R. M. Fernandes,
Phys. Rev. X 6, 041045 (2016).
[45] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivel-
son, Proc. Natl. Acad. Sci. USA 114, 4905 (2017),
http://www.pnas.org/content/114/19/4905.full.pdf.
